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The  addition  of K2CO3, Na2CO3 and  a mixture  of the  two  catalysts  showed  an  increase  in  the  CO2 reactivity
of  the  char  prepared  from  the  demineralized  inertinite  rich  bitumious  coal  at 900 ◦C  in nitrogen.  The CO2
reactivity  of the  char  is higher  when  the catalysts  are added  to  the  coal  before  preparing  the  char  in
comparison  to addition  of the  catalyst  to the  prepared  char.  The distribution  of  the  catalyst  on the char
particles  thus  seems  to be better  upon  addition  of  the  catalyst  to the  coal (before  charring).  An  addedotassium carbonate
odium carbonate
atalytic gasiﬁcation
nertinite rich bituminous coal
hermal treatment
effect  could  be  the  evolution  of CO2 during  charring  that  may  increase  the surface  area  of the  produced
char.  The  surface  area values  of the  chars  (>400  m2/g) were  higher  than the  values  for  the demineralized
coal  samples  (approximately  150  m2/g)  and  the  values  for  the  char  prepared  from  the  coal  with  added
catalysts  increased  from  413 to  445  m2/g.  XRF,  XRD  and  QEMSCAN  analyses  were  performed  to  determine
the  species  of  K2CO3 and  Na2CO3 formed  during  thermal  treatment  of  the  samples.  KCl,  NaCl,  K2O  and
Na2O  are  some  of  the  species  that were  detected.. Introduction
Coal is a heterogeneous material consisting of microscopically
iscernible, physically distinct, and chemically different organic
omponents (macerals) mixed with various amounts of inor-
anic components (mineral matter) [1]. The inorganic constituents
onsist of both minerals and non-mineral inorganic compounds
2].  Potassium and sodium species occur mostly as part of the
lay compounds in the coal mineral matter. Sodium (predomi-
antly as sodium chloride) is mostly present as a salt and to a
esser extent is present in clay [3,4]. In some cases, potassium is
lso found as potassium feldspars (Sanidine (KAlSi3O8) and illite
K1.5Al4(Si6.5Al1.5)O20(OH)4)) in coal [3,4]. Potassium is found in
llite according to analyses done by Spiro et al. [5].  Potassium, thus,
n coal occurs largely as non-volatile alumino-silicates [6,7].
Coal is the main energy source in South Africa and provides 79%
f the country’s total energy needs. However, using the inertinite
ich bituminous South African coal can be problematic, as it con-
ains a high ash content (up to 30% or higher) [8].  The potassium and
odium compounds react chemically and physically during thermal
onversion processes of coal and as such inﬂuence the thermal con-
ersion of coal. Potassium may  form low melting phases with iron
nd sulphate compounds [5] and may  interact with the coal carbon
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matrix. Sodium, compared to potassium, exhibits a decreased inter-
action with carbon, and as a consequence sodium carbonate is less
easily or to a lesser extent dissociated and dispersed over carbon
(and thus coal), as inferred from in situ FTIR experiments per-
formed by Kapteijn et al. [9].  Mojtahedi and Backman [10] found
that in addition to some interactions with the carbon matrix, potas-
sium and sodium both seem to condense as sulphates (Na2SO4 and
K2SO4) under combustion conditions, and under gasiﬁcation con-
ditions, chlorides and carbonates dominate in the condensed phase
as also supported by Punjak et al. [11]. Analyses of selected solid
samples from gasiﬁcation runs performed by Muchmore et al. [6]
indicated that the greater portion of the alkali metals was retained
in the solid phase. The thermal conversion conditions as well as the
nature of the species inﬂuence the potassium and sodium products
formed. The interactions of the potassium and sodium compounds
with the coal organic matrix as well as the other inorganic matter
in coal would thus also differ upon using different ranks and types
of coal.
Apart from chemical and physical changes of the potassium and
sodium compounds and the different interactions thereof with the
coal matrix, the mineral matter (extraneous minerals and some
included minerals) may  have a catalytic effect on the thermal con-
version processes of coal [12].
Open access under CC BY-NC-ND license.Studies have shown that the most active catalysts during
carbon gasiﬁcation by steam and CO2 are alkali metal salts such
as alkali carbonates, oxides, hydroxides and chlorides [13–19].
The catalytic species are oxidic rather than metallic [15]. Among
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he alkali metals, potassium compounds shows the best catalytic
ctivity for all coal ranks [20,21] due to the formation and disper-
ion of a liquid–solid interface between potassium and the carbon
urface [19]. The surface area of the coal or char can be related to
he number of active sites in cases where the amount of catalyst is
ufﬁcient to cover available surface area at the time of loading [16].
One of the main mechanisms through which a catalyst increases
he reactivity during coal gasiﬁcation is to increase the steady state
oncentration of oxygen (obtained from CO2 or steam) at the car-
on surface by increasing the total number of active sites [9].  It is
uggested that the increase in surface area at low conversions is due
o catalyst mobility and unplugging of pores [22]. Potassium ions
re mobile catalysts when exposed to heat [16,23] and mobility
f a catalyst seems to be important during the reaction mecha-
isms involved in the process. Wood et al. [23] reported that alkali
arbonates mixed with the coal will interact with the char at sub-
asiﬁcation temperatures to form a liquid phase in intimate contact
ith the char. This seems to be a prerequisite for effective perfor-
ance of the additive as a catalyst for gasiﬁcation of char because
olten solutions of the catalysts are more effective [23].
It was proposed that potassium carbonate decomposes and
orms a surface intermediate, K–O–C, and thus potassium is atom-
cally dispersed on the carbon surface [24]. Molten solutions of the
atalysts are able to penetrate the coal structure better and, hence,
mprove accessibility of the unavailable carbon sites in the inte-
ior of the coal or char [25]. During gasiﬁcation or combustion of
 bituminous coal it was found that the micropore composition is
ltered [26]. Micropores and ultra-micropores form a large fraction
n most ranks of coal [27]. Water is found in these micropores, as
oal has a high afﬁnity for water molecules; thus the removal of
he inherent moisture during sample pre-treatment can collapse
he interconnected pore network [28].
During heating of potassium and sodium carbonates, CO2 are
eing formed. The CO2 gas may  increase the number of pores within
he coal structure, when the coal with added catalysts is heated.
ncreasing the surface area of the char would result in a higher CO2
eactivity of the char. To investigate the inﬂuence of the evolved
O2, the catalysts were added to the coal before a char was pre-
ared by heating the samples from room temperature to 900 ◦C
n nitrogen using a heating rate of 10 ◦C min−1. The char samples
ere cooled to room temperature under a nitrogen atmosphere.
imilar quantities of catalysts were added to a char prepared under
he same conditions from the demineralized coal. The investiga-
ion then focuses on heating the prepared char samples (prepared
orm the coal with and without added catalysts) in a CO2 atmo-
phere to approximate gasiﬁcation reactivity. The objective of this
tudy was to report on the differences observed in CO2 reactivity
etween a char prepared from a catalytically doped demineralized
nertinite rich coal and a catalytically doped char prepared from the
ame deminerilized coal (thus adding the catalysts before and after
ynthesizing the char). Such studies have not yet been performed
n an inertinite rich coal, while literature [16] indicates that for a
itrinite rich coal no differences were observed regarding the char
eactivity upon adding the catalysts to the coal before charring and
dding the catalysts to the char. The species of catalysts remaining
fter CO2 thermal treatment of the char from the inertinite rich coal
ere also researched.
. Materials and methods
.1. Sample preparation and demineralizationA typical inertinite-rich, high-mineral content South African
ighveld bituminous coal was crushed and milled to obtain par-
icles with sizes of less than 75 m.  Representative samples werepplied Pyrolysis 96 (2012) 188–195 189
obtained using the quarter and coning method explained in detail
by The South African Coal Processing Society [29]. The coal was
demineralized to obtain a product with less than 2.5% ash using an
adapted harsh hydroﬂuoric/hydrochloric/hydroﬂuoric acid leach-
ing method developed by Van Niekerk et al. [8].  5 M hydrochloric
acid was  added to the coal sample and stirred with a polyethylene
magnet in a glass beaker at ambient temperature for 24 h. The stir-
rer was  switched off for an additional hour before decanting and
ﬁltering the sample. The coal cake was  returned to a polyethylene
beaker and 48% (28.9 M)  hydroﬂuoric acid was  added. The mixture
was then stirred for 24 h. The stirrer was switched off for an addi-
tional hour after stirring before carefully decanting and ﬁltering
the sample. The ﬁlter cake was  returned to a glass beaker and 5 M
hydrochloric acid was  again added to the coal. The mixture was
stirred for 24 h. The stirrer was switched off for an additional hour
before decanting and ﬁltering the mixture. The coal cake was then
thoroughly washed with distilled water until a constant pH was
obtained. The coal was then dried under vacuum at 60 ◦C for not
less than 12 h and stored in a desiccator under nitrogen in a dark
place until use. Previous results indicated that this method has only
a very limited inﬂuence on the remaining coal structure [30].
2.2. Thermal treatment and catalyst doping
Demineralized coal and char prepared from the demineralized
coal were used in all experiments. 0.25%, 0.5%, 0.75%, 1%, 2% and 4%
K2CO3, Na2CO3 and a mixture of the two  compounds were added
to the demineralized coal sample. The catalysts were thoroughly
mechanically mixed into the samples. Char samples were prepared
from the doped coal samples. Separate char samples prepared from
the demineralized coal was  doped with the same amounts of the
catalysts. Char was prepared by heating the samples under N2
atmosphere at 900 ◦C for 5 h.
In order to obtain the relative CO2 reactivities of these vari-
ous samples, 300 mg  of each was  weighed into open crucibles and
heated in a steel container inside a mufﬂe furnace to 500 ◦C in a
CO2 atmosphere. The samples were kept in the furnace for 120 min.
The crucibles were carefully removed from the furnace and placed
in a desiccator to cool down to ambient temperature. The crucibles
were weighed and placed in the mufﬂe furnace again. The same
procedure was followed for 600 ◦C, 700 ◦C and 800 ◦C. At 900 ◦C
the samples were left in the furnace for 10 h. Mass losses after
heat treatment at the various temperatures were recorded and
the averages determined after at least three repeats at a speciﬁc
temperature.
2.3. Coal characterization
The ash content determination, proximate analysis, ultimate
analysis, ash fusion temperatures and CO2 BET were all used to
characterize the coal. X-ray ﬂuorescence (XRF), X-ray diffraction
(XRD) and QEMSCAN analyses were also conducted.
The inherent moisture was  determined following the ISO 589
procedure [31]. The ash content of the raw coal and demineral-
ized coal were determined using the SABS 926 or ISO 1171 method
[29,32]. Volatile matter was  measured using the ISO 562 method
[33] and total sulphur determined by the ASTM D4239 method
[34]. Proximate and ultimate analyses and ash fusion temperature
measurements were performed on the coal and demineralized coal.
CO2 BET surface area measurements were done on some of the
char samples on a Micrometrics ASAP 2010 Analyzer.XRF, XRD and QEMSCAN were performed on some of the
samples. For XRF analysis a ThermoARL model 9800XP simulta-
neous/sequential XRF was  used. XRD analysis was  done using a
Thermo-Fischer ARL X-TRA instrument.
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Table 1
Proximate analysis of untreated and demineralized inertinite rich coal.
Analysis type Air dried (%) Dry ash free (%)
Proximate Coal Demina coal Coal Demina coal
Inherent H2O 4.9 0.5 0 0
Ash  26.2 1.8 0 0
Volatile  matter 21.2 26.0 30.8 26.6
Fixed carbon 47.7 71.7 
Total  sulphur 0.6 1.0 
a Demin = demineralized.
Table 2
Ultimate analyses and AFT results.
Ultimate analysis Coal (%)
(daf)
Demineralized
coal (%) (daf)
Carbon 80.1 79.6
Hydrogen 3.7 3.3
Nitrogen 2.1 2.0
Total sulphur 0.9 1.1
Oxygen 13.2 14.0
Ash  fusion temperature
(oxidizing)
◦C ◦C
DT 1350 1230
ST  1360 1250
HT 1380 1270
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. Results and discussion
.1. Ash percentage
The ash percentages of the untreated and demineralized coal
ere 26.2% and 1.8%, respectively (Table 1). The demineralization
rocedure followed effectively removed enough of the mineral
atter for further investigation of the inﬂuence of added com-
ounds.
.2. Ultimate analyses and ash fusion temperatures
The ultimate analyses of the raw and demineralized coal indi-
ated that the demineralization procedure did not have a noticeable
ffect on the macromolecular composition of the coal as depicted
n Table 2 and also reported on in previous literature [30]. The C,
, N, total S or O, on a dry, ash free basis, remains almost con-
tant [35]. The ash fusion temperatures [AFT] of the raw coal and
he demineralized coal (Table 2) were determined and a change
f approximately 120 ◦C was noticed for all relevant temperature
haracteristics, with the raw coal having higher AFT values than
he demineralized coal. This is as expected due to the removal of
lumino-silicates during the hydroﬂuoric acid treatment procedure
s also reported in literature [36].
able 3
icropore surface area of raw coal, demineralized coal and demineralized coal char
repared from doped coal with and without 4% K2CO3.
Sample Micropore surface area
(m2/g)
Coal 147
Demineralized coal 149
Char (900 ◦C) 413
Char (900 ◦C) + 4% K2CO3 44569.2 73.4
0.6 1.0
3.3. CO2 bet surface area determination
In Table 3 the results of the micropore surface area measure-
ments for the coal, demineralized coal and char prepared from
K2CO3 doped coal are summarized. The coal and demineralized coal
has a similar surface area of between 147 and 149 m2/g. The average
surface area of the char prepared from the demineralized coal is 413
and 440 m2/g, while a small increase in surface area to 445 m2/g is
reported upon addition of the catalyst to the coal before charring of
the coal. Charring is known to increase the micropore surface area
of the coal [22], due to the release of volatiles during the charring
process. Catalyst addition may  support the micropore structures
and thus maintain the newly formed surface area better from col-
lapsing. Potassium compounds are reported to be mobile and cover
the surface of the micropores, preventing collapse [16,23].
3.4. X-ray ﬂuorescence and X-ray diffraction
XRF analyses of the potassium and sodium carbonate salts indi-
cated that the salts are more than 99% pure. The salts contain very
low percentages (<0.09%) sulphur and chloride.
In Table 4 a summary is given of the normalized XRF data for
the char prepared from the demineralized coal and the remaining
sample after the prepared char was  exposed to a CO2 atmosphere
at 900 ◦C. These samples consist largely of iron compounds, and
some calcium and sulphur compounds. Percentages of potassium
and sodium compounds observed in the already decreased ash
part of the coal (<2%) are small enough not to inﬂuence further
results.
In Table 5 a summary is given of the X-ray ﬂuorescence results
of char prepared from demineralized coal with added K2CO3 and
XRF results after exposure of this char to CO2 at 900 ◦C. During the
CO2 heat treatment process, the largest mass losses were observed
for manganese, chromium, and phosphorus. The concentrations of
potassium, chloride and sulphur remained relatively high and indi-
cated that these species are not volatilized during the CO2 process
as also observed by other researchers [6,7]. During charring of the
demineralized coal, the percentage chlorine decreases to approx-
imately 1.0%. However, charring of the demineralized coal with
added potassium carbonate leads to a chlorine percentage of 12.0%
in the char, indicating that the added potassium carbonate lead to
the retaining of chlorine originally in the coal (Tables 4 and 5). The
mass loss percentages during the CO2 treatment process are bigger
for the char with added catalysts and thus the percentages cannot
be compared directly. Similar trends were observed for the char
prepared from the demineralized coal with added sodium carbon-
ate. XRF analyses of the used potassium and sodium carbonates
indicated a purity of more than 99% for both. XRF results thus indi-
cate that potassium (and sodium) has a high afﬁnity for chlorine
within the coal as also observed by others [37].The XRD scans of the remaining char, prepared from the dem-
ineralized coal with 4% K2CO3, (after exposure to CO2 at 900 ◦C),
indicated the presence of sylvite (KCl), potassium sulphate (K2SO4)
and iron oxide (Fe2O3) as crystalline phases.
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Fig. 1. QEMSCAN results: pyrrhotite (dark grey) rich particles in char prepared from demineralized coal. Sulphur rich parts are dark grey, whereas sulphur poor char is grey.
 the de
3
i
NFig. 2. QEMSCAN results: sodium oxide particles (grey) in the char of
.5. QEMSCAN analysisQEMSCAN analyses were performed on the char from the dem-
neralized coal and the chars prepared from 4% K2CO3 and 4%
a2CO3 doped demineralized coal. The demineralized coal char
Fig. 3. QEMSCAN results: potassium oxide particles (grey) in the char of themineralized 4% Na2CO3 doped coal. NaCl is presented as black parts.
density was  determined to be 1.8 g/cm3. In Table 6 it is shown that
QEMSCAN results indicate that the major mineral remaining in the
demineralized coal char is pyrrhotite (Fe2+(1−x)S). This corresponds
well with the results of the XRF analysis (previous paragraph).
Pyrrhotite is the high temperature partial transformation phase of
 demineralized 4% K2CO3 doped coal. KCl is presented as black parts.
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Table 4
X-ray ﬂuorescence (XRF) data of char prepared from the demineralized coal (DC) before and after exposure to CO2 at 900 ◦C.
Sample Fe2O3 (%) MnO  (%) Cr2O3 (%) V2O5 (%) TiO2 (%) CaO (%) K2O (%) P2O5 (%) SiO2 (%) Al2O3 (%) MgO (%) Na2O (%) Cl (%) S (%)
DC (900 ◦C, N2) 28.5 0.4 1.9 0.4 7.0 10.9 0.4 9.4 3.9 7.8 3.9 3.9 0.8 20.7
DC  (900 ◦C, N2, CO2) 30.0 0.1 1.6 0.3 9.2 9.5 0.3 0.3 1.9 16.5 10.3 2.7 0.1 17.4
Table 5
X-ray ﬂuorescence results of char prepared from demineralized coal (DC) with added K2CO3 before and after exposure to CO2 at 900 ◦C.
Sample Fe2O3 (%) MnO  (%) Cr2O3 (%) V2O5 (%) TiO2 (%) CaO (%) K2O (%) P2O5 (%) SiO2 (%) Al2O3 (%) MgO  (%) Na2O (%) Cl (%) S (%)
DC + 4% K2CO3 (900 ◦C, N2) 18.3 0.2 2.6 0.2 4.0 5.5 42.3 2.1 1.5 1.5 1.5 1.5 12.0 6.9
DC  + 4% K2CO3 (900 ◦C, N2, CO2) 10.6 0.0 0.5 0.1 2.9 2.7 42.9 0.1 1.4 4.1 1.1 1.1 13.7 Not determined
L. Klopper et al. / Journal of Analytical and Applied Pyrolysis 96 (2012) 188–195 193
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Fig. 5. A graphical presentation of the mass loss percentages at different tempera-
catalysts (Table 7). The reason for the lower conversions could be
the fact that sodium compounds are less mobile than potassium
compounds [16,23].ig. 4. QEMSCAN picture of ash of the demineralized 4% K2CO3 doped coal. Potas-
ium sulphate crystals are presented as light grey areas.
yrite (FeS2). Fig. 1 shows the presence of pyrrhotite in the dem-
neralized coal char. The sulphur is presented as yellow fractions
nd sulphur poor fractions are grey.
In Table 6 a summary of the QEMSCAN results obtained, is pre-
ented. Small (<0.1 mass %) amounts of included meta-kaolinite,
uartz and rutile occur in the char from the demineralized coal
ample, the char prepared from potassium carbonate doped coal
nd the char prepared from sodium carbonate doped coal.
Na2CO3 and K2CO3 in the char prepared from demineralized coal
amples occur as extraneous approximately spherical particles as
bserved in QUEMSCAN results (Figs. 2 and 3). According to liter-
ture the catalysts in the doped coal may  have been transformed
nto potassium oxide or sodium oxide [9,20,24,38]. Figs. 2 and 3 also
learly indicate the presence of large amounts of these compounds.
ome of the Na2CO3 and K2CO3 in the char samples however
eem to have reacted with chlorine to form either sylvite (KCl) or
alite (NaCl), as both are also observed during QUEMSCAN analyses
Figs. 2 and 3). It is known that alkali metals have a high afﬁnity for
alogens and sulphur [37].
Potassium sulphate laths were observed in the QUEMSCAN pic-
ures of the ash from the demineralized 4% K2CO3 doped coal
Fig. 4). Organically bound sulphur in the char and sulphur derived
rom pyrite/pyrrhotite seems to have reacted with potassium con-
aining compounds to form potassium sulphate laths.
Potassium-rich aluminosilicate and potassium silicate with
race to minor concentrations of iron, calcium and magnesium are
he other potassium bearing phases in the remaining char prepared
rom 4% K2CO3 doped coal. These phases can contain trace to minor
oncentrations of ﬂuxing agents (Fe, Ca and Mg). Potassium sul-
hate is present in the char prepared from the 4% K2CO3 doped
oal’s ash sample.
.6. CO2 reactivity
The repeatability of the determination of the mass loss curves
s within 3% at each data point. Table 7 summarizes some average
ass loss percentages obtained when heating the different char
amples at 900 ◦C in the mufﬂe furnace under CO2 atmosphere. The
har from the demineralized coal reached a total mass loss of 45.2%
fter 24 h at 900 ◦C. Upon addition of 0.25–4% of the two compounds
o both the coal and the char samples, the mass losses for the chars
pon similar heat treatment increased drastically.tures obtained during CO2 heat treatment of the char prepared from the coal with
4% additions of the two catalysts K2CO3 and Na2CO3.
Fig. 5 presents the mass loss percentages at different tempera-
tures obtained during CO2 heat treatment of the char prepared from
the coal with 4% additions of the two catalysts K2CO3 and Na2CO3.
Fig. 6 presents the mass loss percentages at different temperatures
obtained during CO2 heat treatment of the char with 4% additions
of the two catalysts K2CO3 and Na2CO3 (catalysts were in this case
added after charring of the demineralized coal).
From Table 7 and Figs. 5 and 6 it is clear that improved ﬁnal CO2
conversions were observed for the char prepared from the dem-
ineralized coal with added catalysts in comparison to adding the
catalysts to the char. Optimum CO2 conversions of the prepared
char were already observed after addition of 0.5% of K2CO3 and
0.5% Na2CO3 respectively and in combination to the coal before
synthesizing the char.
The char prepared from Na2CO3 doped coal samples and char
with added Na2CO3 had overall lower conversion rates than the
potassium containing chars, except for the chars with 4% addedFig. 6. A graphical presentation of the mass loss percentages at different tempera-
tures obtained during CO2 heat treatment of the char with 4% additions of the two
catalysts K2CO3 and Na2CO3.
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Table 6
QEMSCAN results (as percentage of total char) of the char prepared from the demineralized coal without and with added 4% K2CO3 and Na2CO3.
Mineral Composition Char (%) Potassium chara (%) Sodium charb (%)
Sulphates/gibbsite Ca- and Al-bearing sulphates 0.02 0.04 0.03
Pyrrhotite Fe(1−x)S 1.24 1.41 1.21
Magnetite/siderite Fe3O4/FeCO3 0.00 0.02 0.00
Calcite CaCO3 0.00 0.00 0.00
Dolomite CaMg(CO3)2 0.00 0.00 0.00
Apatite Ca5(PO4)3(OH, F, Cl) 0.01 0.01 0.00
Kaolinite/meta-kaolinite Al2Si2O5(OH)4 (clay) 0.08 0.02 0.01
Quartz SiO2 (sand) 0.08 0.68 0.06
Illite/hydro-muscovite K2Al6Si6O20(OH)4/KAl5Si7O20(OH)4 0.01 0.04 0.01
Albite/microcline (K, Na)AlSi3O8 0.00 0.02 0.00
Rutile TiO2 0.05 0.10 0.06
Char-organic S bearing (“bright coal”) C, H, O, N, S 53.23 41.58 49.27
Char  (“dull coal”) C, H, O, N 45.13 46.96 40.91
K2CO3/Na2CO3/other Catalyst added 0.15 9.13 8.44
Total  100 100 100
a Char from demineralized coal with 4% K2CO3.
b Char from demineralized coal with 4% Na2CO3.
Table 7
Mass losses (%) observed at 900 ◦C under CO2 atmosphere for the differently prepared char samples.
Mass loss percentages (%) Mass percentage catalyst added
Char preparation method 0% 0.25% 0.5% 0.75% 1% 2% 4%
Char without catalysts 45.2 – – – – – –
Na2CO3 added to coal – 74.1 94.8 97.8 94.7 97.4 96.0
K2CO3 added to coal – 87.6 96.7 97.4 97.4 98.3 98.5
Mixturea added to coal – 98.9 98.5 93.9 97.9 96.9 96.7
Na2CO3 added to char – 61.7 61.6 61.8 52.0 61.6 71.4
K CO added to char – 86.5 92.6 88.7 81.8 96.5 94.9
72.3 
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Mixturea added to char – 66.5 
a Mixture refers to adding equal amounts of the two catalysts K2CO3 and Na2CO3
Higher CO2 conversions were observed in the case where the
atalysts were added to the coal before preparing the chars in com-
arison to adding the catalysts to the chars (Table 7). Potassium
arbonate is known to decompose to the potassium oxide form
hat is mobile at high temperatures [15,16,23,39].  Decomposition
f K2CO3 starts at 891 ◦C and Na2CO3 at 851 ◦C at atmospheric
emperature. In the cases where the catalysts were added to the
emineralized coal samples, chemical conversion of the catalysts
ay already occurred during charring of the coal and the cat-
lytic products formed may  thus be better distributed throughout
he char matrix. A better distribution of the catalysts may  result
n better CO2 conversion as observed. Where the catalysts are
dded to the char, these catalysts must ﬁrst decompose and react
nd then be distributed through the reacting char to increase
he char CO2 reactivity. As potassium compounds [15,16,23,39]
re more mobile than sodium compounds the distribution of the
ormed potassium compounds through the chars are better than
he distribution of the sodium compounds, resulting in better con-
ersions observed for the less than 4% potassium containing char
amples.
. Conclusions
The relative CO2 reactivity at 900 ◦C of chars prepared from
emineralized coal samples with and without mass percentage
dditions between 0.25% and 4% of K2CO3 or Na2CO3 increased
rom 45% to between 61% and 98%. Very high conversion percent-
ges of more than 95% were observed for char samples prepared
rom coal with additions of 0.5% (and more) K2CO3, rendering this
atalyst better than Na2CO3. The better catalytic activity of K2CO3
ay  be due to the higher mobility of the potassium compounds
t temperatures above the decomposition temperature (891 ◦C) of
2CO3.86.2 80.4 94.6 94.3
ke up the given percentages.
Nishiyama [16] reported that no change in char reactivity was
observed upon adding similar catalysts to a vitrinite rich coal before
and after charring. In contrast to these results for a vitrinite rich
coal, the inertinite rich coal used for this investigation showed
higher CO2 conversions in the case where the catalysts were added
to the coal before preparing the chars in comparison to adding the
catalysts to the chars.
The QEMSCAN results indicate that the species remaining in the
char prepared from the 4% K2CO3 doped coal sample are potassium
oxides and potassium chlorides. The QEMSCAN results also indicate
that the species remaining in the char prepared from the 4% Na2CO3
doped coal are sodium oxide and halite (NaCl). Potassium sulphate
crystals were observed in the small amount of ash prepared from
4% K2CO3 doped coal sample.
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